The paper will review methods of measuring and improving the beam properties and cyclotron performance for both the internal and external beams. Recent advances in computer assistance and instrumentation will be presented together with beam dynamics considerations used in planning and interpreting experiments. Features peculiar to the new high-energy, high-intensity machines and the coming generation of heavy ion machines will be discussed.
Introduction
The beam properties of interest have not changed since previous review papers. [1] [2] [3] However, the advent of multi-particle multi-energy machines with good beam quality has meant that diagnostic measurements are carried out more frequently than before. Also the investment in computer control of power supplies has been extended to computer-assisted diagnostics and to complete experiments, initiated by an operator, but carried out by a computer. High-energy, high-intensity machines require different techniques to be used in the design of probe heads, and more attention paid to beam losses. Conversely, some heavy ion machines may wish to operate with beams much less than 1 nA.
Signal Sources
Traditionally the beam is stopped in an electrically insulated probe head and the current brought through a vacuum feedthrough to a meter or amplifier. A probe head thickness of 1 to 2 cm of copper is sufficient to stop 100 MeV protons and any secondary particles produced are retained close to the probe head by the magnetic field of the cyclotron. In the field-free regions of the beam lines a bias potential of a few hundred volts is usually sufficient for this purpose. A 500 MeV proton has a range of 20 cm copper, and a conventional probe head would be unwieldy. The secondary particles have themselves a moderate range and magnetic rigidity and the problems of beam scattering and probe and equi pment activation become more severe. Consequently indirect methods are employed that use probe heads with a minimum amount of material. The LAMPF Faraday cup is described in Ref. 4 . The TRIUMF cup design is simpler, since the maximum proton energy is 520 MeV, but still consists of a re-entrant lead cavity 42 in. long weighing 600 lb. It is expected to measure beam currents up to 1 pA accurate to wi thin 16. The former limit is set partly by power dissipation and partly because several metres of shielding are required at high energies.
The secondary emission effect (SEM) is used at all meson-producing machines. Passage of a beam causes ionization within a material and electrons of a few eV can escape from the outer few 100 A of the surface.5
These may be removed by a clearing field of the order of 100 V/cm and the current from the material or on a collector recorded. The electron current is proportional to the incident beam current although the ratio for a beam incident normally on a foil is only a few per cent/surface. Where devices are installed in a strong magnetic field, the emitting foil is inclined at an angle to the field lines to allow electrons to escape.
Such devices may be unbiased6; however,the weak clearing field, 10 V/cm, used at TRIUMF increased the SEM current by 30%. A bias voltage is essential for parallel plate emitter-collector devices. Leakage currents are reduced if the insulation separating emitter and collector has a ground point. Pulsing a bias voltage can induce a transient current which can serve to check the operation of the system.
The secondary emission coefficient is expected to vary with incident particle energy as the stopping power (dE/dx) for that particular medium. It is surface dependent and multiple electrode devices should be made from the same sample of material. If possible, devices should be enclosed in their own clean, high-vacuum system. Those exposed to working vacuums with periodic venting and pumping down show a secondary emission coefficient that varies with time and beam exposure. This aging effect is illustrated in Fig. 1 stripping foil showed a pronounced peak in activation, 7 mm wide, due to H°ions from the foil. The ratio of H°/H was 0.05%, larger than expected. An auto-radiograph of the stripper showed a beam spot -4 mm wide and the two together gave a rough estimate of the emittance of 0.5ir mm-mrad.
A multi-plate SEM current monitor was constructed12 from Ak foils flashed with gold and the experiment illustrated in Fig. 2 Comparison of gold-flashed aluminum and aluminum foils did not give SEM coefficients in the expected ratio of the stopping powers for the two materials. CERN report13 that the same device used for protons and 3He
ions did not give a response in the ratio of (dE/dx) for the two ions. The deviations from expected values were about 20?6.
Equipment and Techniques

Cyclotron
The beam can be worked out of a cyclotron using just a basic current-measuring probe that moves with radius. By powering trim coils to produce a Bz or Br component, any loss can be identified as a phase or height excursion. Once a beam is established at extraction radius, the effect of any variable on the machine acceptance can be measured and that variable optimized. As mentioned below, quantitative information can be obtained from these detuning techniques; however, they are often slow and sometimes difficult to interpret due to competing phenomena; also the parameter being measured can be distorted when detuned. Additional equipment to provide direct measurements is to be preferred.
Radial Properties. One of the simplest and most valuable modifications is to create a differential probe by dividing the head into two regions, one being a radially narrow finger to give density information. The interpretation of these density patterns has been reviewed elsewhere. Timing. The phase of the beam bunch with respect to the accelerating voltage and the phase width can be determined as a function of radius by detuning the RF or the magnet trim coils.1'19 However, the method is slow and there is coupling between phase and radial motion. A phase shift, especially near a radial resonance, can alter the centring and affect the phase history in regions where no field change has been made. 14 An improvement was to place a y-ray detector close to the vacuum tank, intercept the beam with a current probe and time the arrival of the radiation pulse with respect to the RF. This method gives the sign of the phase deviation from isochronism, has a resolution of about 1 ns and can give a measure of the phase width.
The y-ray yield is reduced at low energies, so at MSU20 the central region has been explored by placing a MgO scintillator on the probe head and piping the light down a copper tube to a photomultiplier. The resolution is similar to that of the y-ray technique.
The methods above interrupt beam delivery, and nonintercepting pick-up probes are to be preferred. These were reviewed previously,1 and since that time marked improvements in sensitivity have occurred. An advance came when the probe signal was filtered and the second harmonic compared with the doubled dee frequency, 2fd, since the odd RF harmonics tend to dominate the probe noise. Nevertheless A histogram of the beam profile can be obtained from wire grids, either used as SEM monitors (Fig. 5) , or enclosed in ionization chambers (Fig. 6 ). The TRIUMF ionization chambers28 can give profiles of beams of 0.1 nA; a complete readout of all the wires takes place every few milliseconds depending on beam current. Scattering-induced beam spills prevent operation at currents above 10 nA. They must be replaced every year or so as a coating appears on the wires over the region normally hit by the beam when in use and the profile becomes distorted. The multi-wire ionization chamber appears to overestimate the beam current in the tails. for a beam spot I cm high and 500 1iA/cm2 at TRIUMF.
LAMPF have also used 0.002 in. SiC which is stronger and easier to handle than carbon but have observed a 1% elongation after exposure to 1020 protons/cm2'27 causing wires to sag on their largest monitors: 13 in. I.D. The carbon wires are plated and soldered to radiationresistant circuit boards made from high-purity alumina. It can be observed from Fig. 5 that the solder pads present a charge-collecting area similar in size to the wires, and precautions must be taken to shield these pads from stray particles.
Multi-wire monitors have very simple, or no, moving parts; however, if aging effects occur, scanning wires or blades give a better representation of the beam profile since the single, aged blade treats halo and core uniformly, but each wire on a multi-wire device ages differently. Both SEM and ionization devices give a larger response to low-energy particles; this could affect their location downstream of a target.
Other beam profiles have been measured using protons scattered from a wire or blade; this should be done with care at very high energies since the cross sections vary steeply with scattering angle.29 Extremely narrow profiles of the order 0.001 in. have been measured30 by observing a scintillator with ahigh po-er optical system (Fig. 8) . This is used for rapid dispersion matching of spectrometer and beam line and in an emittance measurement.
Meson production targets are often small,to reduce meson absorption, and some form of non-intercepting position monitor is necessary. Figure 9 shows an induction device used at SIN; the coils are formed by a 
